Body fat distribution is an important predictor of the metabolic consequences of obesity, but the cellular mechanisms regulating regional fat accumulation are unknown. We assessed the changes in adipocyte size (photomicrographs) and number in response to overfeeding in upper-and lower-body s.c. fat depots of 28 healthy, normal weight adults (15 men) age 29 ± 2 y. We analyzed how these changes relate to regional fat gain (dual energy X-ray absorptiometry and computed tomography) and baseline preadipocyte proliferation, differentiation [peroxisome proliferator-activated receptor-γ2 (PPARγ2) and CCAAT/enhancer binding protein-α (C/EBPα) mRNA]), and apoptotic response to TNF-α. Fat mass increased by 1.9 ± 0.2 kg in the upper body and 1.6 ± 0.1 kg in the lower body. Average abdominal s.c. adipocyte size increased by 0.16 ± 0.06 μg lipid per cell and correlated with relative upper-body fat gain (r = 0.74, P < 0.0001). However, lower-body fat responded to overfeeding by fat-cell hyperplasia, with adipocyte number increasing by 2.6 ± 0.9 × 10 9 cells (P < 0.01). We found no depot-differences in preadipocyte replication or apoptosis that would explain lowerbody adipocyte hyperplasia and abdominal s.c. adipocyte hypertrophy. However, baseline PPARγ2 and C/EBPα mRNA were higher in abdominal than femoral s.c. preadipocytes (P < 0.005 and P < 0.03, respectively), consistent with the ability of abdominal s.c. adipocytes to achieve a larger size. Inherent differences in preadipocyte cell dynamics may contribute to the distinct responses of different fat depots to overfeeding, and fat-cell number increases in certain depots in adults after only 8 wk of increased food intake.
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adipocyte | body composition | body fat gain | fat distribution | preadipocyte A ccumulation of fat in upper-body/visceral adipose tissue and ectopic sites, including muscle and the liver, is associated with insulin resistance and obesity-related metabolic abnormalities (1), whereas preferential lower-body fat gain seems to have a protective effect (2) (3) (4) . Thus, the mechanism(s) by which expansion of some depots occurs at the expense of others is of considerable interest. Recently, it has been suggested that fat-cell number remains stable after approximately age 20 y, implying that fat gain during adulthood is the result of adipocyte hypertrophy, not hyperplasia (5) . If so, fat gain and body fat distribution would depend entirely on regional fat-cell number before age 20 y and extent of adipocyte hypertrophy. These conclusions, however, were based on measurements of abdominal s.c. fat-cell size (5), but fat-cell progenitors from different body-fat depots have distinct properties (6) (7) (8) . Thus, we were reluctant to accept the tenet that adults do not develop new adipocytes with weight gain. To test whether different fat-tissue depots vary with respect to cellular mechanisms of fat enlargement, we analyzed different adipose tissue beds in individuals longitudinally.
Upper-body and lower-body s.c. fat account for the vast majority of total body fat in normal-weight adults (9) . These depots differ in fatty acid storage (10) and release characteristics (11) . Thus, we investigated whether these two major depots differ in their capacity for increasing fat-cell number in response to overfeeding and, if so, whether we could identify characteristics of preadipocytes that might contribute to regional differences in fat-depot growth. To investigate these questions, we induced a small total body-fat gain (∼4 kg) in volunteers. We measured changes in fat mass in visceral and upper-and lower-body s.c. depots as well as changes in s.c. fatcell size and number. We assessed cell-dynamic properties of preadipocytes at baseline. Our results indicate that upper-and lower-body s.c. fat differs remarkably in the mechanisms by which fat gain occurs, in part, because of inherent differences in the characteristics of preadipocyte cell dynamics.
Results

Effect of Overfeeding on Body Composition and Body Fat Distribution.
By design, body weight increased by 4.6 ± 2.2 kg (from 66.5 ± 4.4 to 71.1 ± 2.5 kg), leading to an increase in body mass index (BMI) of 1.5 ± 0.1 kg/m 2 (from 22.1 ± 0.5 to 23.6 ± 0.5 kg/m 2 ). This weight gain in both men and women resulted from an increase in fat tissue (3.8 ± 0.3 kg of fat gained, P = 0.0007), because fat-free mass remained unchanged (Table 1) .
Effect of Overfeeding on Adipocyte Size and Number. The effects of overfeeding on regional adipose cellularity are presented in Table  2 . On average, the size but not the number of abdominal s.c. adipocytes increased significantly in response to fat gain (P = 0.001). The change in abdominal s.c. adipocyte size was related negatively to baseline size in women but not in men (Fig. 1A) . Thus, women with the smaller abdominal s.c. adipocytes gained abdominal fat largely via adipocyte hypertrophy, whereas women with an average adipocyte size (in excess of ∼0.50 μg lipid per cell) must have recruited new, smaller adipocytes for the average size of mature adipocytes to decrease. Virtually all men increased abdominal adipocyte size irrespective of baseline size. Histograms of adipocyte size from the woman with the greatest decrease and the man with the greatest increase in abdominal adipocyte size are provided in Fig. S1 . There was no statistical evidence for two populations of mature adipocytes. The woman with the greatest decrease in the average size of abdominal adipocytes (F1) had a decrease in the proportion of larger cells. We found a significant relationship between the change in abdominal s.c. adipocyte size and percent of fat gain in the upper-body s.c. depot (r = 0.74, P < 0.0001) ( Fig. 2A) , indicating that the increase in abdominal adipocyte size accounted for the increase in abdominal s.c. fat mass.
On average, femoral s.c. adipocyte size remained unchanged in the face of increased leg fat, whereas overfeeding resulted in a significant (P = 0.004) increase in lower-body adipocyte number ( Table 2) . As with abdominal adipocytes, however, the change in the average size of femoral fat cells was heterogeneous. For both women and men with smaller femoral adipocytes increased the average size of mature adipocytes, whereas average adipocyte size decreased (Fig. 1B) in men with femoral adipocytes larger than ∼0.35 μg lipid per cell and in women with femoral adipocytes larger than ∼0.75 μg lipid per cell. Histograms of adipocyte size from the woman and man with the greatest decreases in femoral adipocyte size are provided in Fig. S2 . Firm statistical evidence for more than one population of mature adipocytes according to size was lacking. For both the woman (F2) and man (M2) with the greatest average decrease in femoral adipocyte size, there was a decrease in the proportion of larger cells and an increase in the proportion of midsized cells. Figs. S3 and S4 are histograms of adipocyte size in two men (M3 and M4) and two women (F3 and F4), respectively, with more typical changes in the size of abdominal and femoral fat cells. Our previous cross-sectional analysis of the relationship between s.c. adipocyte size and body fat distribution (12) showed that abdominal s.c. adipocyte size is associated inversely with lowerbody fat mass. In this longitudinal study, we confirmed that the relative fat gain in the lower body is a strong negative predictor of the change in abdominal s.c. adipocyte size (Fig. 2B ).
Preadipocyte Kinetics at Baseline. Inherent differences in preadipocyte capacity for replication or susceptibility to apoptosis did not appear to explain the increased numbers of femoral but not abdominal s.c. fat cells in response to overfeeding. There are two preadipocyte subtypes, one capable of rapid and the other of limited replication (13) . Regional differences in the proportions of these preadipocyte subtypes did not correlate with differences in the increase in the number of fat cells in the femoral and abdominal s.c. depots: 49 ± 2% (mean ± SEM) of abdominal s.c. cells and 51 ± 2% of femoral s.c. cells were of the rapidly replicating subtype (n = 8 females and 8 males; P = 0.5). Treatment with increasing doses of TNF-α did not induce significantly more apoptosis in preadipocytes cultured from abdominal s.c. fat than in preadipocytes cultured from femoral s.c. fat (slope of 0, 10, and 50 ng/ mL TNF-α-induced apoptosis was 45 ± 4 in abdominal vs. 55 ± 4 in femoral s.c. preadipocytes, P = 0.1). However, abdominal and femoral s.c. preadipocytes differ in their inherent capacity for adipogenesis. Expression of the adipogenic transcription factors peroxisome proliferator-activated receptor-γ2 (PPARγ2) and CCAAT/ enhancer-binding protein α (C/EBPα), was significantly greater in abdominal than femoral s.c. preadipocytes (P = 0.0005 and P = 0.03, respectively). The ratio of PPARγ2 to total PPARγ also was greater in abdominal than femoral s.c. preadipocytes (1.04 ± 0.18 vs. 0.17 ± 0.03, respectively, P < 0.0005).
Discussion
Our data challenge the contention that total number of body fat cells remains constant in adults (5) . Using a longitudinal intervention model to study increases in body fat caused by overfeeding normal-weight adults, we found that gain of only ∼1.6 kg of lower-body fat resulted in the creation of ∼2.6 billion new adipocytes within 8 wk. These findings clearly demonstrate that lowerbody fat-cell progenitors can develop rapidly into mature adipocytes in adult humans in response to overfeeding and that this response depends partially on sex and baseline adipocyte size. In a cross-sectional study, we found that number of leg fat cells is greater in overweight than in normoweight persons (12) . Our current findings indicate that overweight individuals with more leg adipocytes may not have had greater numbers of adipocytes before they gained weight.
Unlike in femoral fat, the average abdominal s.c. adipocyte size, but not number, increased with an ∼2-kg increase in upper-body fat. There is evidence that massive obesity is associated with abdominal s.c. adipocyte hyperplasia (12, 14, 15) . Thus, extensive, prolonged weight gain may be required before abdominal s.c. fatcell numbers increase, although our data suggest that normalweight women with relatively large abdominal s.c. adipocytes can recruit new mature adipocytes. Others have based the contention that fat-cell number is relatively fixed in adulthood on the analysis of abdominal s.c. fat cells (5) . From cross-sectional data, it has been suggested that increased abdominal s.c. adipocyte number is contingent upon the adipocytes exceeding an average lipid content Values are means ± SEM. of ∼0.7-0.8 μg per cell (16), a level close to that we observed in women. These findings are in accord with studies in experimental animals that indicate that, when adipocytes reach a critical volume, they secrete factors that recruit new adipocytes (17) (18) (19) . Our data suggest that the ability of healthy adults to expand lower-body fat via hyperplasia may prevent or delay abdominal s.c. fat-cell hypertrophy, presumably by sequestering the excess fat (Fig. 2B ). An alternative mechanism is that some individuals display an overall adipose hyperplastic response to energy overload. This response was most evident in the women who had larger adipocytes at baseline, in whom the average size of mature adipocytes decreased in both depots with fat gain (Fig. 2B and Fig.  S1 ). This finding supports the recently reported link of high rates of adipogenesis with smaller size of abdominal s.c. adipocytes, lower waist-to-hip ratio, and more favorable metabolic profile (20) . Regardless of the underlying mechanism, this finding is consistent with our previous observation that lower-body fat mass is a negative predictor of upper-body adipocyte size (12). Because abdominal s.c. adipocyte hypertrophy is a predictor for the development of insulin resistance and type 2 diabetes mellitus (21), this finding potentially provides an explanation for the purported beneficial health effects of the leg fat (2-4). Our observations are consistent with the overflow hypothesis, which implicates lowerbody fat as a primary adipose tissue compartment for expansion, the capacity of which may determine the degree to which secondary (upper-body s.c. and visceral) adipose tissue compartments grow during fat gain (22) .
Newly formed mature adipocytes arise from preadipocytes, progenitors that are, for the most part, resident in fat depots (23) (24) (25) (26) . Preadipocytes in abdominal s.c. fat are distinct from those in mesenteric or omental fat, differing in proliferative potential, replicative subtype abundance, capacity for adipogenesis, susceptibility to apoptosis, and gene-expression profiles (6, 13, 27, 28). These regional differences are retained for at least 40 cell generations in colonies derived from single cells. Therefore, we tested whether femoral s.c. preadipocytes are distinct from abdominal s.c. preadipocytes isolated from the same subjects, potentially contributing to the differences we found between these depots in fatcell size and number after overfeeding. We assayed in parallel the replicative potential of single, undifferentiated preadipocytes, the abundance of preadipocyte replicative subtypes, adipogenesis, and susceptibility to apoptosis in abdominal and femoral s.c. preadipocytes isolated from subjects before they began high caloric intake. Little difference was found in these properties, with the notable exception of the capacity for expressing adipogenic transcription factors. After 15 d of exposure to serum-free differentiation medium, the expression of the key adipogenic transcription factors PPARγ2 and C/EBPα was greater in abdominal than femoral preadipocytes. The importance of PPARγ2 for adipogenesis is well established (29, 30) , and PPARγ is positively associated with fat-cell size in mice (31) and with obesity in humans (29) . Inherent differences in fat-cell hyperplasia and, potentially, in the production of mediators that recruit new fat-cell development may, together with differences in circulation, nutrient supply, innervation, or local hormonal and paracrine factors, contribute to the distinct responses of different fat depots to high caloric intake. Future studies will be necessary to delineate these mechanisms.
We used a photomicrographic method (32) to measure the size of mature adipocytes for these studies. Advantages of this approach include the abilities to keep a permanent record of the measurement and to size a large number of cells, providing a better estimate of average adipocyte size. A disadvantage of this method is the need to select a lower limit for the cell size that will be measured to avoid counting multiple droplets within a single cell as separate cells (32) . Because we used a lower limit of 35 μm, our approach does not include very small mature adipocytes (cells with a single lipid droplet <35 μm), or early and late immature adipocytes (those with multiple lipid droplets <10 μm and 10-35 μm, respectively) that are counted by other methods (33) . Although including cells with smaller diameters does not affect determination of average cell size (32) , these smaller cells clearly are important to the understanding of adipose tissue biology (33) .
Adipose tissue is highly plastic and can respond rapidly to changes in nutrient intake through fat-cell hypertrophy or hyperplasia, depending on the fat depot and fat-cell size. Increases in femoral adipose tissue mass can occur remarkably quickly through formation of new fat cells, even in adults. Capacity to store fat in lower-body depots is associated with reduced accumulation of fat in upper-body depots. Thus, greater capacity to form new lowerbody fat cells in response to overfeeding may confer protection against accumulation in upper-body and visceral depots, potentially mitigating adverse metabolic consequences of weight gain.
Materials and Methods
Subjects. The study was approved by the Mayo Clinic Institutional Review Board and informed, written consent was obtained from all participants. Twenty-eight volunteers [15 white men and 13 women (1 Asian, 1 black, and 11 white)] completed the study. Participants had a BMI <26 kg/m 2 and had never been obese. Participants were not taking any medications except oral contraceptives, which four of the women were using. The women were permitted to participate in any phase of their menstrual cycle, largely because we have not found the phase of the menstrual cycle to be a confounding factor for adipose fatty acid storage (34) or release (35) . Complete blood counts and chemistry panels were obtained and were normal in all subjects.
Protocol. Weight maintenance meals were provided by the Mayo Clinic General Clinical Research Center (GCRC) metabolic kitchen for 10 d before the overfeeding phase of the study to ensure constant macronutrient composition (50% carbohydrate, 35% fat, and 15% protein) and stable weight, as previously described (36) . Participants consumed at least one meal per day at the GCRC and were allowed to consume the remaining meals away from the GCRC, provided they returned the empty food containers. If weight changed by ≥1 kg, the amount of food provided to participants was adjusted accordingly. Body composition was assessed by duplicate dual-energy X-ray absorptiometry (DXA) and computed tomography (CT) scans, as described below. After the weight-maintenance period, the volunteers were admitted to the GCRC at 1700 hours. The next morning, before breakfast, adipose tissue biopsies were obtained from the abdominal s.c. region, ∼5 cm lateral to the umbilicus, and from the anterior-lateral femoral s.c. region at the midthigh. The participants then began the overfeeding phase of the study, with a goal of similar fat gain among subjects over ∼8 wk. The volunteers were instructed to increase their overall food intake by eating until they were more full than usual. In addition, they were provided with supplemental food from the GCRC metabolic kitchen. The supplements consisted of a choice of an ice cream shake (402 kcal, 40% fat), a king-sized Snickers bar (510 kcal) (Mars Inc.), and Boost Plus (360 kcal/8 oz) (Nestle Nutrition). Body weight was measured at least 5 d/wk to assess weight gain. The rate of fat gain relative to weight gain was determined by a repeat DXA ∼4 wk into the overfeeding period. We used these data to project the amount of body weight each volunteer would need to gain to achieve the desired fat gain. The amount of supplemental food provided to study participants was adjusted as needed and ranged from one to four supplements per day.
After achieving their target weight gain (∼8 wk), the volunteers once again received 10 d of meals from the GCRC metabolic kitchen with the same macronutrient distribution as in the pre-weight-gain interval to stabilize weight. The energy content of these meals was greater than the original weight-maintenance intake. The amount of food each participant needed to consume was determined by the energy content of the supplements they had required during the overfeeding period combined with their preoverfeeding weight-maintenance diet. Weights were measured daily to ensure each volunteer was not losing any of the weight he or she had gained. The volunteers then were readmitted to the GCRC, where identical procedures were followed and repeat adipose biopsies were obtained.
Body Composition. Total body fat, leg fat, and total fat-free mass (FFM) were measured in duplicate with DXA (DPX-IQ; Lunar Radiation) at visit 1 and at visit 2; the DXA in the middle of the overfeeding period was a single scan. The average values of the two scans at each visit were used to assess total and regional body composition. Visceral fat was determined at visit 1 and visit 2 using three CT images obtained at the levels of L 2-3 , L 3-4 , and L 4-5 (the av-erage of the three slices used) in combination with DXA abdominal fat analysis in duplicate (37) .
Processing of Fat Tissue. Adipose tissue collected from abdominal and femoral s.c. sites was collagenase (type II C-6885; Sigma)-digested for 60 min in a 37°C water bath, and the cells were fractionated by centrifugation at 350 × g. Adipocytes in the top layer were used for fat-cell sizing. The cellular pellet was reconstituted in erythrocyte lysis buffer (0.154 M NH 4 Cl, 10 mM KHCO 3 , 1 mM EDTA) for 5 min at room temperature. For the baseline studies, the adipose tissue SV cell suspension was cultured in DMEM/Ham's F-12 medium (1:1) (Invitrogen) enriched with 10% FBS. After 18-24 h, cells were trypsinized and replated to deplete macrophages, as described previously (38) . Preadipocytes were grown until confluence, trypsinized, and frozen in αMEM containing 45% FBS and 5% DMSO until subsequent in vitro assessment of preadipocyte cell kinetics. Recovery after freezing was ∼70% and was not affected by fat depot origin.
Fat-Cell Size and Number. The size of the isolated fat cells was measured using digital photomicrographs and an automated software program as previously described (32) . We measured an average of 550 cells per site to calculate average adipocyte size, and each size histogram was assessed for more than one cell-size population. We estimated the likelihood that there is more than one population of adipocytes with diameters >35 μM using the Hormone Pulsatility Analysis Software from the University of Virginia Center for Biomathematical Technology (http://mljohnson.pharm.virginia.edu/biomath-ctr/biomath-home. html). Correctly identifying "peaks" of adipocyte populations on histograms is a statistical challenge similar to identifying pulses of hormone secretion. The program discriminates between random variations in values across intervals (in this case bin size) and true peaks. We used the program to identify the number of peaks to infer the number of discrete populations of cells. Regional adipocyte number was calculated by dividing the regional fat mass by the mean lipid content per adipocyte from the respective depot.
Preadipocyte Kinetics. Proliferation and abundance of preadipocyte subtypes was assessed in cloned preadipocytes by DNA quantitation using CyQuant dye (Molecular Probes, Inc.) as previously described (13) . Abdominal and femoral s.c. preadipocytes were differentiated in duplicate for 15 d in serum-free medium supplemented with 0.1 μM dexamethasone, 0.5 μM insulin, 0.2 nM triiodothyronine, 0.5 μM rosiglitazone, 20 μM fetuin, antibiotics, and 540 μM methylisobutylxanthine (39), and total RNA was extracted with TRIzol (Invitrogen). For exclusion of genomic DNA, 10 μg of total RNA was treated with DNase I (Ambion) for 1 h at 37°C. RNA integrity and quality was assessed by electrophoresis. One microgram of RNA was reverse-transcribed into cDNA using a Taqman One-Step RT-PCR kit (#4309169; Applied Biosystems) in 100 μL reaction mixture. Real-time PCR was carried out using TaqMan Fast Universal PCR Master Mix 2× in a 7500 Fast Real-Time PCR System (Applied Biosystems). In brief, 10 μL of Fast PCR Master Mix were combined with 5 μL of cDNA, 1 μL of the appropriate TaqMan single-gene assay (total PPARγ: Hs00234592; PPARγ2: Hs0111510; C/EBPα: Hs00269972; all from Applied Biosystems) and 4 μL water. Following initial incubation for 20 s at 95°C, PCR was carried out for 40 cycles for 3 s at 95°C and 30 s at 60°C. RNA was analyzed by relative quantification using TATA box-binding protein RNA as an internal control (5′-FAM/3′-MGB probe, 4333769F; Applied Biosystems). The ratio of regional mRNA levels to the sum of mRNA levels from both depots signified the regional relative gene expression.
To assess apoptosis, confluent cultures grown in serum-containing medium were treated with 0, 10, or 50 ng/mL recombinant human TNF-α for 4 h. Cells were stained with bisbenzimide and examined for fragmented and/or condensed nuclei (morphological features of apoptosis) by fluorescence microscopy (40) . The mean percentage of such nuclei relative to all the nuclei in at least four fields was determined. The slope of the mean apoptotic response of preadipocyte cultures to the increasing doses of TNF-α was used as an index of the preadipocyte sensitivity to apoptotic insult.
Statistical Analysis. Data were analyzed using SAS v. 9.1.3 (SAS Institute Inc.). All values are expressed as mean ± SEM. We used repeated-measures ANOVA to test the effects of time (pre-and postoverfeeding), sex (males, females), and the sex × time interaction on body composition and fat distribution and a paired t test to test the effect of overfeeding on adipocyte size and number. Preadipocyte cell kinetics, measured at baseline, were analyzed by one-way ANOVA using depot as a fixed effect. We performed simple linear regression analysis to analyze the relationship between the change in regional adipocyte size and the change in upper-and lower-body s.c. fat mass; for the latter, we used a logarithmic transformation of the values to account for its curvilinear relation with the change in fat-cell size. P < 0.05 was considered statistically significant for all these tests.
